A lobed-pumpkin balloon, currently being developed in ISAS/JAXA as well as in NASA, is a promising vehicle for long duration scientific observations in the stratosphere. Recent ground and flight experiments, however, have revealed that the balloon has deployment instabilities under certain conditions. In order to overcome the instability problems, a next generation SPB called 'tawara' type balloon has been proposed, in which an additional cylindrical part is appended to the standard lobed-pumpkin balloon. The present study investigates the deployment stability of tawara type SPB in comparison to that of standard lobed-pumpkin SPB through eigenvalue analysis on the basis of finite element methods. Our numerical results show that tawara type SPB enjoys excellent deployment performance over the standard lobed-pumpkin SPBs.
Introduction
A zero-pressure balloon (ZPB) used for scientific observation in the stratosphere has the vent ducts at its base in order to equalize the internal pressure with the surroundings and the buoyancy of the balloon will be gradually decreased because of temperature differences between days and nights. Because of this buoyancy decrease, scientific observation using ZPB is limited to relatively short periods (up to utmost 30 days). A super-pressure balloon (SPB) is expected to overcome this limitation because it uses a closed envelope and, as a result, can float at constant altitude for a very long time. A full-scale SPB for practical use had not been realized for a long time because it requires fairly high pressure strength. This problem, however, was overcome when the lobedpumpkin type of SPB was proposed by Yajima et.al 1) . Since then, the development of lobed-pumpkin SPB has been undertaken both in ISAS/JAXA and in NASA independently. Until now, many ground and flight experiments have been carried out for the development of lobed-pumpkin SPB, and in the course of its development, it has been found that the lobed-pumpkin SPB has deployment instability problems especially when the number of lobes are increased. In order to overcome the instability problems, Izutsu et.al. have proposed a next generation SPB called 'tawara' type balloon, in which an additional cylindrical part is appended to the standard lobed-pumpkin balloon 2) . Tawara type SPB is expected to possess several advantageous properties over standard lobed-pumpkin SPB and to get rid of deployment instability problems encountered in the standard lobed-pumpkin balloons. In the present study, we investigate deployment stabilities of both lobed-pumpkin SPB and tawara type SPB in a quantitative manner through eigenvalue analysis on the basis of fintie element methods.
Balloon Designs

Lobed-pumpkin SPB
Lobed-pumpkin SPB is a kind of strasospheric balloon with characteristic bulges as shown in Fig.1 . The balloon consists of flexible membrane gores (lobe part) and high-strength tensile ropes called 'load rope.' A basic construction procedure of the balloon is as follows:
(1) Deflection curve of the load rope, when inflated, is obtained by a simplified calculation. Having obtained the deflection curve, a surface of revolution of the curve is created ( Fig.2 (a) ).
(2) A developable surface that can approximate a part of the surface of revolution is created (Fig.2 (b) ).
(3) This developable surface is then proportionally enlarged to a certain extent to obtain the design shape of a membrane gore (Fig.2 (c) ). Original load ropes are fitted to the gore seams. The length of the gore seams is longer than that of load ropes so that the balloon envelope is bulge out when inflated, as shown in Fig.2 (c) . Enlargement ratio in procedure (3) is a crucial design parameter for lobed-pumpkin SPB, since it governs the inflated shape of the balloon as well as balloon's structural stabilities as discussed in what follows. In the present study, we define a film shortening ratio s n , in relation to the enlargement ratio, as 
where α represents a compensation term for elongation of the load ropes. In the present study, we set the value of α equal to 0.025.
'Tawara' type SPB
Along with the development of lobed-pumpkin SPB, ISAS/JAXA has been developing a next generation SPB called 'tawara' type balloon. Tawara type SPB is constructed by adding straight part to the gore of standard lobed-pumpkin balloon (Fig. 3) . Additional parts will inflate to form cylindrical portion as shown in Fig. 4 . This cylindrical portion is constrained by original load ropes as well as additional orthogonal ropes. Tawara type SPB is considered to possess several advantageous properties over standard lobed-pumpkin SPB.
(1) The volume of tawara type SPB will be easily increased by extending straight part of the gore.
(2) The weight of tawara type SPB is smaller than that of lobed-pumpkin SPB in the range of aspect ratio of 0.599 up to 1.9.
(3) Powered balloon will be realized by adopting a large aspect ratio, which decrease the air drag by reduction of the total cross sectional area.
(4) The deployment instabilities encountered in the case of lobed-pumpkin balloon will not occur fundamentally because the gores over the cylindrical part will be fully deployed by the force along circumferential direction before the pumpkin parts of the balloon will fully inflate.
Among the above properties, the present study focuses on the property (4) and evaluate the deployment stabilities of tawara type SPB in a quantitative manner through finite element analysis. 
Stability Analysis of SPBs
Numerical models
In May 2010, ISAS/JAXA carried out a series of in-door ground experiments for an evaluation of deployment performances of lobed-pumpkin type and tawara type SPB. In the experiments, three types of test balloon as below are utilized. In the present study, we set up numerical models corresponding to these test balloons and evaluate deployment stability of each balloon.
1. PB60-S1
One-third scale model of a PB60 balloon, which was a standard lobed-pumpkin balloon launched in B09-07 experiment in September 2009. In B09-07 experiment, some portion of the balloon's envelope remained folded and the balloon resulted in blasting during its ascending process. In ground experiments at TARF, it was observed that PB60-S1 2. PB60-S2 PB60-S2 balloon is a variant of PB60-S1; an orthogonal rope is added to the equator of PB60-S1. In the ground experiments, this balloon also developed a deep cleft and did not deploy properly.
3. PB60-S3 PB60-S3 balloon is a tawara type SPB that is constructed from PB60-S1 balloon with an additional cylindrical part. In the ground experiments at TARF, this balloon alone successfully deployed into axisymmetrical shape.
The preceding three types of balloon are illustrated in Fig. 5 . Basic properties of these balloons are described in Table 1 . Precisely speaking, a balloon's film has orthotropic material properties. In the present study, however, we assume that the film is isotropic material with Young's modulus of 0.5 [GPa] for simplicity.
(a). PB60-S1 balloon.
(b). PB60-S2 balloon.
(c). PB60-S3 balloon. 
Methodology and approach
We have carried out a series of stability analyses of the balloon based on nonlinear finite element methods in order to evaluate deployment performance of three types of SPB described in the previous subsection. These SPBs were manifactured with the film shortening ratio of 5% (see Eq. (1)), except for 10% of upper and bottom parts of the balloon, where the shortening ratio is locally increased to 8%. In our numerical calculations, however, we neglect the local increase of the shortening ratio and assume for simplicity that the shortening ratio is uniform along the length of the balloon.
Along with the numerical calculations for nominal shortening ratio of 5%, we also perform calculations for stability analysis with various shortening ratios in order to investigate relations between deployment performance of the balloon and the film shortening ratio. We account for wrinkling effect of the film by using membrane element based on the tension field theory 3) . This membrane element efficiently accounts for stress field of wrinkled regions, and, moreover, drastically stabilizes numerical iterative solution process in comparison to usual membrane elements or shell elements. In the calculation, we set the deference pressure to 50 [Pa], which is derived as an average value during the inflation in the ground experiments.
Procedure of stability analysis performed in the present study is as follows:
(1) Static analysis is performed in order to obtain the fully inflated shape of the balloon on the condition that the balloon inflates preserving its axisymmetry. Since the axisymmetry of the balloon is assumed, only a single lobe is modeled in this analysis with appropriate boundary conditions applied.
(2) A finite element model of the entire balloon with fully inflated configuration is created from the resutls of procedure (1). Next, a stiffness matrix corresponding to this model is calculated and the eigenvalues of the stiffness matrix are searched from the smallest value. If some of the eigenvalues are negative, then the balloon has instability modes (i.e. buckling modes) corresponding to these negative eigenvalues. In the present study, we determine that, if at least one eigenvalue of the stiffness matirx is negative, then the balloon has deployment instability problems. In other words, we presume that such a balloon will not deploy into axisymmetric shape because of the presence of the instability modes, if any. In the eigenvalue analysis, we utilize block diagonalization technique based on cyclic symmetry methods 4) , so that the calculation time of eigenvalues and eigenmodes are extremely reduced even with the model of large degrees of freedom; the total degrees of freedom in the present analysis amount to about 800,000. As mentioned above, we perform the eigenvalue analysis for the balloon with various shortening ratios of the film (ratio of 3-10%), and check the existence of buckling modes.
Results for PB60-S1
Figures 6 and 7 show the results of the eigenvalue analysis for PB60-S1. Eight eigenmodes are determined to be buckling modes in the range of the shortening ratio of the film of 3-10%. In Fig.6 , we show three typical buckling modes out of the eight modes. As can be seen in the figure, the buckling modes have cyclically repeated up-and down-deflections. In the present paper, we refer to buckling modes shown in the Fig.6 as mode-3, mode-4 and mode-5, respectively, according to the number of deflections. Following this naming convention, we say that the eight buckling mode are corresponding to mode-3~mode-10. Figure 7 shows the variations of eigenvalues corresponding to these buckling modes in relation to the shortening ratio of the film. When the shortening ratio is increased, mode-4 is found to be the first to become negative; more precisely, mode-4 exhibits as buckling mode over the shortening ratio of 5.10%. The other modes also become negative with increasing shortening ratio. On the other hand, all the eigenvalues are positive below the shortening ratio of 5.10% and we say that the balloon has no deployment instabilities in this region. It should be mentioned that the results are obtained by assuming that the shortening ratio is uniform along the length of the balloon. In actual construction, the shortening ratio is set to 5% and is locally increased to 8% for 10% of upper and bottom parts of the balloon. Therefore, the actual balloon is expected to be more unstable than the results presented here. Accordingly, we may deduce that the fact that PB60-S1 failed to deploy into an axisymmetrical shape in the ground experiment is consistent with our numerical results.
For reference purpose, we show mode shapes of mode-1 and mode-2 in Figs. 8 and 9 , respectively. Mode-1 is axisymmetrical dilation mode and mode-2 is bellows-like asymmetrical mode. Both the two modes have positive eigenvalues and thus do not correspond to buckling mode. 
Results for PB60-S2
Figures 10 and 11 show the results of the eigenvalue analysis for PB60-S2. Eight eigenmodes are determined to be buckling modes in the range of the shortening ratio of the film of 3-10%, which is the same as PB60-S1. In Fig.10 , we show three typical buckling modes out of the eight modes. As in the results of PB60-S1, the eight buckling modes correspond to mode-3~mode-10. Though, no clear differences are observed between Figs.7 and 11, the deployment stability of PB60-S2 is slightly improved compared to that of PB60-S1. The differences, however, are quite small and cannot be viewed as significant. In the ground experiments at TARF, PB60-S2 also filed to deploy into an axisymmetrical shape, which is consistent with the present numerical results because of the same reason as in the previous subsection. 
Results for PB60-S3
Figures 12 and 13 show the results of the eigenvalue analysis for PB60-S3. The results are quite different from those of PB60-S1 or PB60-S2. Unlike PB60-S1 or PB60-S2, PB60-S3 has no buckling modes over the range of the shortening ratio of the film of 3-10%. For reference purpose, we show the variations of eigenvalues corresponding to mode-3~mode-10. in Fig.12 . Figure 13 shows the eigenmodes corresponding to mode-3~mode-6. From Fig.12 , we can say that all the eigenvalues are located in the positive region with sufficient margins, and that PB60-S3 is quite robust in terms of deployment stability. In the ground experiments at TARF, PB60-S3 alone deployed into an axisymmetrical shape, which is consistent with our numerical resutls. 
Conclusions
In the present study, we have investigated the deployment performances of three types of SPB that were used in the ground experiments at TARF carried out in May 2010. More specifically, we have evaluated the deployment stabilities of the SPBs through eigenvalue analysis on the basis of finite element methods. Among the design parameters of the SPB, we focus on the shortening ratio of the film as a fundamental design parameter, and investigate relations between the shortening ratio of the film and the deployment stability of the SPB. Major results obtained in the present study is as follows.
PB60-S1 type balloon has its stability limit near the film shortening ratio of 5.10%, whereas PB60-S2 type balloon has its stability limit near the film shortening ratio of 5.14%. Beyond these limit values, the SPBs become unstable because of the presence of buckling modes. In actual construction, PB60-S1 and PB60-S2 were manufactured with the film shortening ratio of 5%, which is fairly close to the stability limit obtained by our numerical calculations. Furthermore, the film shortening ratio is locally increased to 8% for 10% of upper and bottom parts of the balloons. Since this local increase will reduce the deployment stability of the balloon, we say that the fact that both PB60-S1 and PB60-S2 failed to deploy in an axisymmetrical shape in the ground experiments is consistent with our numerical results.
A comparison between the numerical results of PB60-S1 and PB60-S2 reveals that the attachment of an orthogonal rope to the standard pumpkin balloon has almost no contribution to the improvement of the deployment stability of the balloon. From numerical results for PB60-S3, on the other hand, an addition of a cylindrical part to the standard pumpkin balloon augments the deployment stability drastically, and the concept of tawara type SPB is found to be quite effective in order to overcome instability problems encountered in the standard lobed-pumpkin SPBs.
